Mesoporous silica materials have been widely investigated for their great potential as competitive adsorbents and catalysts in different areas, due to their ordered and uniform porous structures and high surface area. In order to increase the availability of these materials, the need to granulate them becomes vital for an efficient performance in industrial units. This study reports the production and characterization of clay-free granules of SBA-15 mesoporous silica, by applying the extrusion technique. The suggested methodology uses only methocel as the organic binder, which is removed after calcination. The granulation process was successfully achieved, producing pure granules of SBA-15 mesoporous silica, in size of millimeters, with 8.3 MPa of compacting pressure (by axial crushing test). The surface area and pore volume of SBA-15 mesoporous silica granules (calcined at 800 ºC) were around 392 m 2 /g and 0.53 cm 3 /g, respectively.
Introduction
The disclosure of mesoporous materials has gained world attention in different field applications, namely adsorption and catalysis, due to their exceptional intrinsic features; e.g. highly ordered mesopore structure, high surface area, narrow pore size distribution, and thermal stability [1] [2] [3] . In addition, the popularity of mesoporous silicas' properties extended to the mesopore range the concept of molecular sieving, which was related before to zeolites 4 , in which the presence of micropores limits their catalytic performance in some applications. Therefore, a promising competitor to commercial zeolites and a significant family of mesoporous silica is known as the SBA-15 mesoporous silica, which is characterized by cylindrical and uniform pores, ordered in an hexagonal structure, with pore diameter varying from 4.6 to 30 nm 5 . Furthermore, the thickness of their amorphous framework wall (from 3.1 to 6.4 nm) 6 is responsible for enhancing the mechanical and chemical resistance properties of the SBA-15 mesoporous silica. Moreover, the tunable pore diameters favor the functionalization of further organic groups, e.g. amines and amides, which enhance and optimize SBA's adsorption and catalytic activity 7 . SBA-15 is usually synthesized by a cooperative selfassembly mechanism in an acidic media, using a triblock copolymer surfactant as a template, namely Pluronic P123 (EO 20 PO 70 EO 20 ), and a silicon source, often tetraethyl orthosilicate (TEOS, Si(OC 2 H 5 ) 4 ) or tetramethyl orthosilicate (TMOS, Si(OCH 3 ) 4 
8
. The solution is mixed for 24 h at 40 ºC and then heated up to 100 ºC for 48 h in an autoclave, when the material reaches a sufficient degree of condensation. Therefore, the template is no longer needed and it can be removed by calcination, resulting in a porous structure 9 . Finally, the solid products are filtered, washed with water, dried at 100 ºC and calcined at 550 ºC to remove the surfactant (template), obtaining highly ordered mesoporous materials 10, 11 , as illustrated in Figure 1 Nevertheless, in order to enhance their final properties and applications, one should have these mesoporous materials granulated. Among different granulation processes, the extrusion method has shown successful results shaping mesoporous silica into extrudated bodies 12 . Therefore, the preparation of extrudates is normally done by adding inorganic binders, such as bentonite, to increase the mechanical strength of the extrudates. Additionally, organic binders, such as methycellulose and hydroxyethylcellulose, plasticisers and surfactants can also be added to the formulation to help achieve a homogeneous and plastic wet mass to be extruded. However, in these common granulation procedures, the presence of the inorganic binders into the composition of the final granules might occlude a significant volume of pores of the mesoporous materials, decreasing the adsorption performance.
Moreover, mechanical strength is an important characteristic regarding the final extrudates, because it is responsible for conserving the integrity of the final body, the pore volume and the surface area, as well ensuring the reliable performance of the granules as adsorbents and desiccants.
In this work, powder of SBA-15 was synthesized and shaped into extrudates by extrusion process, using only methocel as organic binder to enhance the viscosity of the green body paste during extrusion, and also as a macropore builder, due to its removal after calcination process, producing clay-free granules of mesoporous silica. Another suggested improvement in the methodology regards the elimination of the calcination step during the synthesis SBA-15 mesoporous silica. The extrudates of SBA-15 are prepared with the presence of surfactant (template) and this template is removed together with the organic binder in the last calcination step of the extrusion process.
Experimental

Materials
For the synthesis of SBA-15 mesoporous materials, the materials used were the triblock copolymer surfactant Pluronic P123 -(EO 20 PO 70 EO 20 , Sigma-Aldrich) and the tetraethylorthosilicate (TEOS -Si(OC 2 H 5 ) 4 , Sigma-Aldrich, 98 %), used as structure directing agent (template) and a silicon source, respectively, and hydrochloric acid (HCl / Sigma-Aldrich / 37%). The methylcellulose (Methocel A4M, Sigma-Aldrich) was used as organic binder in the extrusion process.
Preparation of powder of SBA-15 mesoporous silica
SBA-15 mesoporous silica powder was prepared by sol-gel route. Initially, P123 was completely dissolved in a solution of deionized water and HCl, under vigorous stirring. Thereafter, TEOS was added into it and the stirring continued for 24 h at 40 ºC. The powder product was filtered and washed with deionized water and then dried at 60 ºC for at least 24 h. The molar ratio used was 1 TEOS: 6 HCl: 177 H 2 O : 0.017 P123.
Preparation of SBA-15 mesoporous silica extrudates
The SBA-15 extrudates were prepared by extrusion procedure 13 , involving six main steps: powder mixing, paste preparation, extrusion, cutting, drying and calcination, as illustrated in Figure 2 .
The final cylindrical extrudates were obtained by combining the dry components (un-calcined SBA-15 powder + 20 wt. % of methocel A4M) and then by adding a minimum amount of deionized water into the dry mixture (4 mL of water / 1 g of un-calcined SBA-15) until a uniform and consistent paste was formed. During this paste preparation stage, it was required an intensive mixing of water-solids to ensure homogeneity and consistency, in order to avoid further phase migration 14 
.
The wet paste was then transferred into an adapted metal screw extruder, with 3.8 mm diameter circular cross section die. Furthermore, the extrusion was achieved by constantly moving the screw manually, to obtain smooth extrudates, as illustrated in Figure 3 . SBA-15 green body extrudates were cut in 4 mm length, and then they were dried at 60 ºC overnight. Finally, the SBA-15 cylindrical extrudates were calcined, at a rate of 1 ºC/min from room temperature to 800 ºC for 1 h, to remove the methocel and the surfactant (template). The photographs of the final clay-free SBA-15 extrudates obtained in this work are shown in Figure 4 , with average diameter and length of 3 mm and 3.5 mm, respectively.
Characterization
Nitrogen adsorption and desorption isotherms were carried out in a Micromeritics ASAP 2020 apparatus (at liquid nitrogen temperature of -196 ºC), using samples previously outgassed at 250 ºC for 24 h under vacuum. In addition, the specific surface area and pore size distribution were determined using the BET (Brunnauer-Emmett-Teller) and NLDFT (non-local density functional theory) methods, respectively.
The absence of methocel in the final extrusion compositions, after calcination process, was investigated by Fourier Transform Infrared Spectroscopy (FTIR) and by thermogravimetry analysis. The FTIR samples were prepared as pellets with KBr and examined in a Perkin-Elmer Frontier spectrometer, and the spectra were taken from 4000 to 300 cm -1 , with a resolution of 2 cm -1 and 64 scans. The TG and DTG analysis were carried out in a Perkin-Elmer STA-6000 thermal analyzer, using a heating rate of 5 ºC/ min under a synthetic air flow (20 ml/min).
Mechanical strength measurements
In order to investigate the mechanical properties of the granules, it was performed an axial compression test using the SkyScan 1172 microtomograph. The final cylindrical SBA-15 extrudates had their vertical surfaces previously smoothened by a thin sandpaper, to achieve a more uniform load distribution. The axial crushing stress of the extrudates was determined by the following equation: (1) where, F is the load applied at the point of breakage and D is the particle diameter.
Each SBA-15 extrudate was placed in the microtomograph equipment and the load was applied along the vertical (axial) direction until it exhibited failure. About 10 cylindrical extrudates with approximately 3 mm diameter and 4 mm length were subjected to the crushing strength test from each set of the paste compositions.
Results and Discussion
Absence of binder
The absence of binder (Methocel A4M) was analyzed by comparing green body and calcined samples of SBA-15 mesoporous silica extrudate samples. Figure 5 shows the thermogravimetry curves obtained for the green body of SBA-15 mesoporous silica extrudates, carried out from between 30 to 800 ºC. The DTG curve shows three distinct stages of weight losses. The first weight loss, occurred around 60 ºC, can be attributed to desorption of gases and adsorbed water. The second and third peaks occur between 150 ºC and 400 ºC and correspond to the decomposition of the organics (methocel and Pluronics P123 9, 15 ). It is important to emphasize that the SBA-15 powders used in this research were not previously calcined , i.e. the P123 surfactant was present in the micro-mesoporous structure during the granulation process. Therefore, all the organic binder was removed when the dried extrudates were subjected to heat treatment above 500 ºC. From 600 to 800 ºC, the curve presents a steady weight loss, which can be associated to the dehydroxylation of -OH groups, present on the surface of the material 9 . Figure 6 shows the FTIR spectra of the following samples: SBA-15 silica in powder, SBA-15 silica granule prepared with 20 wt. % of methocel A4M after heat treatment at 800 ºC, green body of SBA-15 granule prepared with 20 wt. % of methocel A4M, and pure methocel A4M. The FTIR spectra of pure methocel A4M shows typical peaks, e.g. at 3449 cm -1 assigned to O-H stretching, at 1644 cm -1 related to sugar ring and 1067 cm -1 due to C-O (ether) stretching
16
. Concerning the SBA-15 silica samples, the main silicon bands are from Figure 6 . Fourier transform infrared (FTIR) absorption spectra of SBA-15 samples, before and after heat treatment at 800 °C, and methocel used as the organic binder. 3700 to 3200 cm -1 , caused by O-H stretching, and from 1300 to 1000 cm -1 , due to Si-O-Si asymmetric stretching 17 . Comparing the FTIR spectra of SBA-15 samples, one can observe that the organic peaks present in the methocel spectra are also found in the sample of SBA-15 containing 20% of binder, indicating the presence of the binder in the sample. On the other hand, these peaks were not found in the calcined sample, demonstrating the removal of the organic binder.
Porosity evaluation
The influence of the extrusion process and the calcination temperature on the final surface area and porosity was analyzed by comparing the different SBA-15 samples, by N 2 sorption. Nitrogen adsorption isotherms of SBA-15 mesoporous silica samples are shown in Figure 7 , while the pore size distribution is shown in Figure 8 . Finally, the surface area and pore volume are listed on Table 1 . One can observe that all isotherms exhibit type IV of IUPAC classification and an H1-type hysteresis loop 18 , characteristic of mesoporous materials. This means that the mesoporous structure was not changed by the granulation process. However, there are important changes that should be pointed out. The main difference observed is the larger volume of nitrogen adsorbed for the SBA-15 silica powder calcined at 550 ºC.The surface area decreased almost by half with the increase in the heat treatment temperature, i.e. from 758 m²/g (in SBA-15 powder calcined at 550 ºC) to 386 m²/g (in SBA-15 powder calcined at 800 ºC). It is believed that the reduction of the surface area is due to the elimination of some micropores, as shown in the pore size distributions graph. This result confirms that the porosity and surface area are strongly dependet on the calcination temperature, rather than the granulation process 19 . Regarding the SBA-15 silica samples calcined at 800 ºC, one can notice a slight increase of adsorption volume in the granulated samples at higher relative N 2 pressures. The surface area and pore volume of SBA-15 granules calcined at 800 ºC were found to be around 392 m 2 /g and 0.53 cm 3 /g, respectively. In addition, SBA-15 extrudates showed a narrow distribution pore size, with pore size of 7 nm.
The surface area obtained for SBA-15 samples prepared in this work showed a higher value when compared to the results of Chandrasekar et al. 12 . In more detail, when the calcination temperature increased from 550 ºC to 750 ºC, the surface area of their SBA-15 extrudates decreased from 640 m 2 /g to 400 m 2 /g, and exhibited only 261 m 2 /g when the temperature was above 750 ºC. Chandrasekar's SBA-15 extrudates were prepared with 2.2 wt% of bentonite and 2.2 wt% of methylcellulose, while the samples in this work are clay-free.
Mechanical strength
The axial crushing strength of the extrudates produced in this work was also evaluated. The extrudates calcined at 800 ºC showed 8.3 ± 2.7 MPa of axial crushing stress. This value was also higher when compared to the results of Chandrasekar et al. 12 . Using bentonite (inorganic binder) and methycellulose (organic binder and plasticizer), they obtained values varying from 0.4 to 3.4 MPa. The increase of the mechanical strength is related to the formation of stronger chemical bonds at a higher temperature (800 ºC). Therefore, more energy is necessary to break them. This is an important result, since the clay-free silica granules produced in this work have similar or better mechanical performance compared to the literature.
Conclusions
The main outcome of this research is the successful production of clay-free granules of SBA-15 mesoporous silica, in size of millimetres (3 to 4 mm). This was achieved by extrusion procedure, using methocel A4M as the organic binder, and calcination temperature of 800 ºC. The addition of water was the critical step in the extrusion process.
The axial crushing stress of SBA-15 extrudates calcined at 800 ºC was 8.3 ± 2.7 MPa. Regarding the calcination temperature, granules and powder of SBA-15 mesoporous silica samples calcined at 800ºC had a significant decrease in surface area and pore volume, due to shrinkage of the mesoporous structure at higher temperature. Finally, the granules produced in this work have high potential to be used as adsorbents and desiccants. Also this work contributes to clay-free granulation process, producing pure granules of nanomaterials.
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